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1
FLOATING GATE MEMORY DEVICE WITH
AT LEAST PARTIALLY SURROUNDING
CONTROL GATE

FIELD OF THE INVENTION

Generally, the present invention relates to semiconductor
devices and methods of making semiconductor devices.

BACKGROUND OF THE INVENTION

Semiconductor devices are used in many electronic and
other applications. Semiconductor devices comprise inte-
grated circuits that are formed on semiconductor wafers by
depositing many types of thin films of material over the semi-
conductor wafers, and patterning the thin films of material to
form the integrated circuits.

One type of semiconductor device is a memory device, in
which data is typically stored as a logical “1” or “0”. One type
of memory device is a floating gate device.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A, 1B, 1C and 1D show cross-sectional views of an
embodiment of a memory device of the present invention; and

FIGS. 2A, 2B, 2C and 2D show cross-sectional views of an
embodiment of a memory device of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

The following detailed description refers to the accompa-
nying drawings that show, by way of illustration, specific
details and embodiments in which the invention may be prac-
ticed. These embodiments are described in sufficient detail to
enable those skilled in the art to practice the invention. Other
embodiments may be utilized and structural, logical, and
electrical changes may be made without departing from the
scope of the invention. The various embodiments are not
necessarily mutually exclusive, as some embodiments can be
combined with one or more other embodiments to form new
embodiments.

FIGS.1A-D (i.e., FIGS. 1A, 1B, 1C, 1D) show a memory
device 110 which is an embodiment of the present invention.
FIG. 1A shows a cross sectional view of the memory device in
an X-Z plane (e.g. a plane where Y has a constant value). The
cross section in FIG. 1A is parallel to the length L of the
floating gate 230. F1G. 1B shows a cross sectional view of the
same memory device in a Y-Z plane (e.g. a plane where X has
a constant value) through the cross section C-C shown in FIG.
1A. The cross section of FIG. 1B is parallel to the width W of
the floating gate 230. Conductive contact plugs 410 will be
explained below. FIG. 1C shows a cross sectional view (look-
ing downward) of the memory device 110 in an X-Y plane
(e.g. a plane where Z has a constant value) through the cross
section A-A shown in FIG. 1A. FIG. 1C (for simplicity) does
not show the layer 260 or the layer 270. FIG. 1D shows a cross
sectional view (looking downward) of the memory device
110 in an X-Y plane through the cross section B-B shown in
FIG. 1A. This is a cross section through the control gate 250
and above the top surface 242 of second dielectric layer 240.
FIG. 1D (for simplicity) does not show the layer 260 or the
layer 270. FIG. 1D shows second dielectric layer 240 dis-
posed over the top surface 232 of floating gate 230. FIG. 1D
shows control gate 250 disposed over the top surface 242 of
second dielectric layer 240.

FIGS. 2A-D (i.e., FIGS. 2A, 2B, 2C and 2D) show a
memory device 120 which is also an embodiment of the
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present invention. F1G. 2A shows a cross sectional view of the
memory device 120 inan X-Z plane. The cross section of FIG.
2A is parallel to the length L of the floating gate 230. FIG. 2B
shows a cross sectional view of the same memory device 120
in a Y-Z plane through the cross section C-C shown in FIG.
2A. The cross section of FIG. 2B is parallel to the width W of
the floating gate 203. Conductive contact plugs 410 will be
explained below. FI1G. 2C shows a cross sectional view (look-
ing downward) of the same memory device 120 in an X-Y
plane through the cross section A-A shown in FIG. 2A. FIG.
2C (for simplicity) does not show the layer 260 or the layer
270. FIG. 2D shows a cross sectional view (looking down-
ward) of the memory device 120 in an X-Y plane through the
cross section B-B shown in FIG. 2A. This is a cross section
through the control gate 250 and above the top surface 242 of
the second dielectric layer 240. FIG. 2D (for simplicity) does
not show the layer 260 or the layer 270. FIG. 2D shows
second dielectric layer 240 disposed over the top surface 232
offloating gate 230. FIG. 2D shows control gate 250 disposed
over the top surface 242 of second dielectric layer 240.

In the embodiment of FIGS. 2A-D, the bottom surfaces of
the second dielectric layer 240 as well as the bottom surfaces
of the control gate 250 are raised with the use of dielectric
blocks 290 to further decouple the control gate 250 from the
source/drain extension regions 310 and/or from the source/
drain regions 320. Other ways may also be used to increase
the distance of the control gate 250 from the source/drain
extension regions 310 and/or from the source/drain regions
320.

Referring to FIGS. 1A-D and FIGS. 2A-D, the X-direction,
Y-direction and Z-direction may be perpendicular to each
other.

Referring to FIGS. 1A,1B or to FIGS. 2A,2B a semicon-
ductor substrate 210 is provided. The substrate 210 may be
any type of substrate. In one or more embodiments, the sub-
strate may be a semiconductor substrate. In one or more
embodiments, the substrate may be a p-type substrate. In one
or more embodiments, the substrate may include one or more
semiconductor materials such as silicon, germanium, silicon
germanium, germanium arsenide, indium arsenide, indium
arsenide, indium gallium arsenide, indium antimonide, or
combinations thereof. In one or more embodiments, the sub-
strate may be a silicon substrate. In one or more embodi-
ments, the substrate may be another suitable substrate.

In one or more embodiments, the substrate may be a bulk
substrate such as a bulk mono-crystalline silicon substrate. In
one or more embodiments, the substrate may, for example,
comprise a layer of (110) silicon on a (100) silicon wafer. In
one or more embodiments, the substrate may be a silicon-on-
insulator (SOI) substrate. The SOI substrate may, for
example, be formed by a SIMOX process. In one or more
embodiments, the substrate may be a silicon-on-sapphire
(SOS) substrate. In one or more embodiments, the substrate
may be a germanium-on-insulator (GeOl) substrate.

A first dielectric layer 220 may be disposed over the sub-
strate 210. In one or more embodiments, the first dielectric
layer 220 may comprise an oxide (such as silicon dioxide
Si0,), a nitride (such as silicon nitride, Si;N,, or Si,N ), an
oxynitride (such as silicon oxynitride, S—O—N or SiO,N,)
or combinations thereof. In one or more embodiments, the
first dielectric layer 220 may be in direct contact with the
substrate 210.

If a layer A is disposed over (e.g. overlies) a layer B, then
in one or more embodiments, it is possible that layer A may
not be in direct contact with layer B. For example, it is
possible that there may be one or more other layers between
layer A and layer B. Ifa layer A is disposed over (e.g. overlies)



US 9,059,302 B2

3

alayer B, then in one or more embodiments, it is possible that
layer A may be in direct contact with layer B.

In one or more embodiments, the first dielectric layer may
comprise a single layer or it may comprise two or more layers
of different materials. For example, the first dielectric layer
220 may comprise an oxide/nitride stack such as a SiO,/Si,N,,
stack. In one embodiment, a nitride layer may be over an
oxide layer. In another embodiment, an oxide layer may be
over a nitride layer. The first dielectric layer may comprise an
oxide/nitride/oxide stack (for example, an ONO stack).

In one or more embodiments, the first dielectric layer 220
may comprise a high-k dielectric material. The high-k mate-
rial may have a dielectric constant greater than about 3.9. The
high-k material may have a dielectric constant greater than
silicon dioxide. The high-k material may comprise a
hafnium-based material. The high-k material may comprise
one or more of the elements Hf, Al, Si, Zr, O, N, Ta, La, T1, Y,
Pr, Gd and combinations thereof. The high-k material may
comprise HfSiON, HfSiO, HfO,, HfSiO,, HfAIO_, HfA-
10N, HfSiAIO,, HfSiAIO N, Al,O;, ZrO,, ZrSiO,, Ta,0s,
SrTiO;, La,0,, Y,0;, Gd,0;, Pr,0,, TiO,, ZrAlO , ZrAl-
O,N,, SiAO,, SiAIO,N,, ZrSiAlO,, ZrSiAIO,N,, or combi-
nations thereof. The high-k material may comprise Al,O;. In
one or more embodiments, the first dielectric layer 220 may
comprise any other dielectric material or high-k dielectric
material. In one or more embodiments, the first dielectric
layer 220 may comprise an oxide/high-k stack such as a
Si0,/A1,0; stack.

In one or more embodiments, the first dielectric layer may
have a thickness of about 15 nm or less. In one or more
embodiments, the first dielectric layer may have a thickness
of about 12 nm or less. In one or more embodiments, the first
dielectric layer may have a thickness of about 10 nm or less.
In one or more embodiments, the first dielectric layer may
have a thickness of about 5 nm or greater. In one or more
embodiments, the first dielectric layer may have a thickness
of about 7 nm or greater. In one or more embodiments, the
first dielectric layer may have a thickness between about 12
nm and about 5 nm. In one or more embodiments, the first
dielectric layer may have a thickness between about 10 nm
and about 7 nm. In one or more embodiments, the first dielec-
tric layer may be about 8.5 nm. The first dielectric layer is not
limited to any particular thickness.

The first dielectric layer 220 may be formed in many dif-
ferent ways. For example, the first dielectric layer 220 may be
grown by a thermal oxidation, deposited by a chemical vapor
deposition (CVD), atomic layer deposition (ALD), physical
vapor deposition (PVD), or a jet vapor deposition. Hence, the
first dielectric layer 220 may be formed by a growth process
or by a deposition process.

A high-k material may be formed, for example, by a depo-
sition process. Examples of deposition processes which may
be used include chemical vapor deposition (CVD), physical
vapor deposition (PVD), atomic layer deposition (ALD),
molecular beam epitaxy (MDE), or other deposition pro-
cesses. In one or more embodiments, the first dielectric layer
220 may serve as a tunneling dielectric layer for a floating
gate memory device.

A floating gate 230 may be disposed over the first dielectric
layer 220. In one or more embodiments, the floating gate 230
may be in direct contact with the first dielectric layer 220. In
one or more embodiments, the floating gate 230 may com-
prise any conductive material.

In one or more embodiments, the floating gate 230 may
comprise, for example, a polysilicon material. The polysili-
con material may be a doped polysilicon. The polysilicon
may be doped with an n-type dopant (such as phosphorus) or
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a p-type dopant (such as boron). The doping may be accom-
plished using an ion implantation process or it may be done
in-situ. In one or more embodiments, the polysilicon may be
heavily doped.

In one or more embodiments, the floating gate 230 may
comprise a metallic material such as a pure metal or a metal
alloy. In one or more embodiments, the floating gate 230 may
comprise a metal silicide or a metal nitride.

In one or more embodiments, the floating gate 230 may
comprise a conductive material. In one or more embodiments,
the floating gate 230 may comprise a semiconductor material.
In one or more embodiments, it is possible that the floating
gate 230 may comprise a dielectric material.

In one or more embodiments, the floating gate 230 may
comprise at least one of Ti, Ta, TiN, TiC, HfN, TaC, TaN, W,
Al Ru, RuTa, TaSiN, NiSix, CoSix, TiSi,, Ir, Y, Pt, I, Pt, Pd,
Re, Rh, borides of Ti, borides of Hf, borides of Zr, phosphides
of Ti, phosphides of Hf, phosphides of Zr, antimonides of Ti,
antimonides of Hf, antimonides of Zr, TIAIN, Mo, MoN,
ZrSiN, ZrN, HfN, HfSiN, WN, Ni, Pr, VN, TiW, and/or com-
binations thereof.

In one or more embodiments, the floating gate 230 may
comprise a nitride. In one or more embodiments, the floating
gate 230 may comprise a nanocrystalline material. In one or
more embodiments, the floating gate 230 may comprises a
high-k dielectric material.

The floating gate 230 may comprise a single layer or a
plurality of stacked layers (such as a polysilicon layer dis-
posed over a metal layer). Likewise, the floating gate 230 may
comprise a composite of two or more materials. The floating
gate 230 may be formed in many different ways. Examples
include chemical vapor deposition, physical vapor deposition
and atomic layer deposition. In one or more embodiments, the
floating gate 230 may comprise a mixture (such as a hetero-
geneous mixture or a homogeneous mixture) of two or more
different materials.

The floating gate 230 may be a three-dimensional struc-
ture. In one or more embodiments, the floating gate may have
the shape of a cuboid (such as a rectangular cuboid) such that
the cross-sections in an X-Z plane, aY-Z and an X-Y plane are
all substantially rectangular. However, the floating gate 230 is
not limited to this shape and other shapes are possible.

In one or more embodiments, it is possible that the top
surface 232 of the floating gate 230 be, for example, rounded,
arched or dome shaped. Hence, it is possible that the cross-
section of the top surface 232 (in either an X-Z plane and/or
a'Y-Z plane) have a rounded, arched or dome shaped. In one
or more embodiments, it is also possible that the cross section
of' the floating gate 230 in an X-Z plane and/or a Y-Z plane be
omega shaped.

In other embodiments, the floating gate may also have
three-dimensional shapes such as conical, frusto-conical,
pyramidal, frusto-pyramidal, hemispherical, and frusto-
hemispherical. In one or more embodiments, the cross section
of the floating gate in an X-Y plane may, for example, be
circular, oval, rectangular or square.

In one or more embodiments, the floating gate may be in
the shape of a fin or in the shape of a pillar. In one or more
embodiments, the fin or the pillar may be omega shaped. For
example, the cross-section of the fin or the pillar in an X-Z
plane and/or a Y-Z plane may be omega shaped.

In one or more embodiments, the floating gate 230 may
have a height H, a length L. and a width W. The height H may
be the maximum dimension of the floating gate in the Z-di-
rection. This may be the direction perpendicular to the sub-
strate.
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The length [ may be the maximum lateral dimension of the
floating gate in a direction which is parallel to the channel
length of the floating gate device. Referring to FIG. 1A, the
channel length CL. may be a dimension of the channel region
between the two source/drain extension regions 310. In the
embodiment shown in FIGS. 1A, 1B or the embodiment
shown in FIGS. 2A, 2B, the channel length CL as well as the
length L of the floating gate 230 are in the X-direction.

In the embodiments shown, for example in FIG. 1A and
FIG. 2A, the length L of the floating gate 230 may be sub-
stantially the same as the channel length CL.. However, in
another embodiment, the length [. may be greater than the
channel length CL. Likewise, in another embodiment, the
length [ may be less than the channel length CL.

The width W of the floating gate 230 may be the maximum
dimension of the floating gate in the direction perpendicular
to the channel length CL of the floating gate device. In the
embodiments shown in FIGS. 1A, 1B and FIGS. 2A, 2B, the
width W of the floating gate 230 is in the Y-direction.

In one or more embodiments, the width W of the floating
gate may greater than the length L of the floating gate. In one
or more embodiments, the width W of the floating gate may
be less than the length LL of the floating gate. In one or more
embodiments, the width W of the floating gate may be sub-
stantially the same as the length L. of the floating gate.

In one or more embodiments, the floating gate may have an
aspect ratio such that the height H is substantially the same as
the length L. In one or more embodiments, the floating gate
may have an aspect ratio such that the height H is greater than
the length L. In one or more embodiments, the height H of the
floating gate may be greater than or equal to about 2 times the
length L. In one or more embodiments, the height H of the
floating gate may be greater than or equal to about 5 times the
length L. In one or more embodiments, the height H of the
floating gate may be greater than or equal to about 10 times
the length L.

In one or more embodiments, the floating gate may have an
aspect ratio such that the height H is substantially the same as
the width. In one or more embodiments, the floating gate may
have an aspect ratio such that the height H is greater than the
width W. In one or more embodiments, the height H of the
floating gate may be greater than or equal to about 2 times the
width W. In one or more embodiments, the height H of the
floating gate may be greater than or equal to about 5 times the
width W. In one or more embodiments, the height H of the
floating gate may be greater than or equal to about 10 times
the width W.

In one or more embodiments, the floating gate may have an
aspect ratio such that the height H is greater than the smaller
of'the length L. and the width W. In one or more embodiments,
the floating gate may have an aspect ratio such that the height
H is greater than or equal to about 2 times the smaller of the
length [ and the width W. In one or more embodiments, the
floating gate may have an aspect ratio such that the height H
is greater than or equal to about 5 times the smaller of the
length [ and the width W. In one or more embodiments, the
floating gate may have an aspect ratio such that the height H
is greater than or equal to about 10 times the smaller of the
length L and the width W.

In one or more embodiments, the floating gate may have an
aspect ratio such that the height H is greater than the larger of
the length L. and the width W. In one or more embodiments,
the floating gate may have an aspect ratio such that the height
H is greater than or equal to about 2 times the larger of the
length [ and the width W. In one or more embodiments, the
floating gate may have an aspect ratio such that the height H
is greater than or equal to about 5 times the larger ofthe length
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L and the width W. In one or more embodiments, the floating
gate may have an aspect ratio such that the height H is greater
than or equal to about 10 times the larger of the length L. and
the width W.

In one or more embodiments, it is possible that the length
L of the floating gate 230 has a dimension which is sublitho-
graphic (e.g. smaller than that which can be made by lithog-
raphy). In one or more embodiments, it is possible that the
width W of the floating gate 230 has a dimension which is
sublithograhic.

In one or more embodiments, it is possible that the length
L of the floating gate 230 has a dimension which is about 150
nanometers or less. In one or more embodiments, it is possible
that the length L. of the floating gate 230 has a dimension
which is about 120 nanometers or less. In one or more
embodiments, it is possible that the length L. of the floating
gate 230 has a dimension which is about 100 nanometers or
less. In one or more embodiments, it is possible that the length
L of the floating gate 230 has a dimension which is about 75
nanometers or less. In one or more embodiments, it is possible
that the length L. of the floating gate 230 has a dimension
which is about 50 nanometers or less. In one or more embodi-
ments, it is possible that the length L. of the floating gate 230
has a dimension which is about 30 nanometers or less. In one
or more embodiments, the length L. of the floating gate 230
may be about 50 nm. It is noted that the length L. of the floating
gate 230 is not limited to any particular length.

In one or more embodiments, it is possible that the width W
of'the floating gate 230 has a dimension which is sublithogra-
hic. In one or more embodiments, it is possible that the width
W of the floating gate 230 has a dimension of about 150
nanometers or less. In one or more embodiments, it is possible
that the width W of the floating gate 230 has a dimension of
about 120 nanometers or less. In one or more embodiments, it
is possible that the width W of the floating gate 230 has a
dimension of about 100 nanometers or less. In one or more
embodiments, the width W of the floating gate may be about
75 nanometers or less. In one or more embodiments, it is
possible that the width W of the floating gate 230 has a
dimension which is about 50 nanometers or less. In one or
more embodiments, it is possible that the width W of the
floating gate 230 has a dimension which is about 30 nanom-
eters or less. In one or more embodiments, the width W ofthe
floating gate 230 may be about 50 nm. It is noted that the
width W of the floating gate 230 is not limited to any particu-
lar width.

In one or more embodiments, it is possible that the height
H of the floating gate 230 has a dimension about 30 nm
(nanometers) or greater. In one or more embodiments, it is
possible that the height H of the floating gate 230 has a
dimension about 50 nm or greater. In one or more embodi-
ments, it is possible that the height H of the floating gate 230
has a dimension about 75 nm or greater. In one or more
embodiments, the height H of the floating gate 230 may be
about 100 nm or greater. In one or more embodiments, it is
possible that the height H of the floating gate 230 has a
dimension which is about 120 nm or greater. In one or more
embodiments, it is possible that the height H of the floating
gate 230 has a dimension which is about 150 nm or greater. In
one or more embodiments, it is possible that the height H of
the floating gate 230 has a dimension which is about 200 nm
or greater. In one or more embodiments, it is possible that the
height H of the floating gate 230 has a dimension which is
about 300 nm or greater. In one or more embodiments, it is
possible that the height H of the floating gate 230 has a
dimension which is about 500 nm or greater. In one or more
embodiments, it is possible that the height H of the floating
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gate 230 has a dimension which is about 1000 nm or greater.
In one or more embodiments, the height H of the floating gate
230 may be about 100 nm. It is noted that the height H of the
floating gate 230 is not limited to any particular height.

Referring to FIGS. 1A-D or to FIGS. 2A-D the embodi-
ments of the floating gate 230 shown includes a top surface
232 and four sidewall surfaces 234, 236. Two opposite side-
wall surfaces 234 may be substantially perpendicular to an
X-Z plane (and parallel to a Y-Z plane). The sidewalls sur-
faces 234 may be substantially parallel to the width W and
substantially perpendicular to the length L. (or to the channel
length CL). Two opposite sidewall surfaces 236 may be sub-
stantially perpendicular to a Y-Z plane (and parallel to an X-Z
plane). The sidewall surfaces 236 may be substantially par-
allel to the length L (or to the channel length CL) and sub-
stantially perpendicular to the width W.

In the embodiments shown in FIGS. 1A-D as well as 2A-D,
the cross-section of the floating gate 230 in the X-Z plane as
well as the cross section in a Y-Z plane may be substantially
rectangular. However, in other embodiments, the cross-sec-
tion of the floating gate in an X-Z plane and/or the cross
section in a Y-Z plane may have other shapes. For example,
the cross section of the top surface 232 in an X-Z plane and/or
in a Y-Z plane may be rounded, arched or dome shaped. In
addition, for example, the cross section of the floating gate in
the X-Z plane and/or the cross section in a Y-Z plane may be
omega-shaped.

In one or more embodiments, the sidewall surfaces 234
may be the major sidewall surfaces while the sidewall sur-
faces 236 may be the minor sidewall surfaces so that the
surface areas of the sidewall surfaces 234 may be greater than
the surface areas of the sidewall surfaces 236. In this case, the
width W of the floating gate 230 may be greater than the
length L of the floating gate 230.

In one or more embodiments, it is possible that the sidewall
surfaces 236 may be the major sidewall surfaces while the
sidewall surfaces 234 may be the minor sidewall surfaces so
that the surface areas of the sidewall surfaces 236 may be
greater than the surface areas of the sidewall surfaces 234. In
this case, the width W of the floating gate 230 may be less than
the length L of the floating gate 230.

In one or more embodiments, the sidewall surfaces 234
may have substantially the same surface areas as the sidewall
surfaces 236. In this case, it is possible that the width W may
be substantially the same as the length L.

In one or more embodiments, the floating gate may have
one or more sidewall surfaces. In one or more embodiments,
the floating gate may have two or more sidewall surfaces. In
one or more embodiments, the floating gate may have three or
more sidewall surfaces. In one or more embodiments, the
floating gate may have four or more sidewall surfaces. In one
or more embodiments, one or more of the sidewall surfaces
may be substantially perpendicular relative to the substrate.
In one or more embodiments, one or more of the sidewall
surfaces may be tilted relative to the substrate.

Referring to FIGS. 1A-D and to FIGS. 2A-D, after the
formation of the floating gate 230, a second dielectric layer
240 may be formed over the floating gate 230. Referring to
FIGS. 2A,2B, it is seen that, in one or more embodiments,
dielectric blocks 290 may be formed before the formation of
second dielectric layer 240 so that the second dielectric layer
240 may be formed over the dielectric blocks 290.

Referring to the embodiment shown in FIGS. 1A-D, in one
or more embodiments, the second dielectric layer 240 may be
formed over all of the top surface 232 of the floating gate as
well as over all of each of the sidewall surfaces 234 and 236
of the floating gate 230.

10

15

20

25

30

35

40

45

50

55

60

65

8

In one or more embodiments, the second dielectric layer
240 may be formed over substantially all of the top surface
232 of the floating gate. In one or more embodiments, the
second dielectric layer 240 may be formed over at least a
portion of the top surface 232 of the floating gate. In one or
more embodiments, the second dielectric layer 240 may be
formed over substantially all of each of the sidewall surfaces
234 and 236 of the floating gate 230. In one or more embodi-
ments, the second dielectric layer 240 may be in direct contact
with the floating gate 230.

As noted above, FIG. 1C represents a cross section of the
device 110 in an X-Y plane through the cross section A-A (as
shown in FIG. 1A). FIG. 1C is simplified so as not to show
layer 260 or layer 270. FIG. 1C shows that, in one or more
embodiments, the second dielectric layer 240 may laterally
surround the entire vertical dimension (e.g. height dimen-
sion) ofthe floating gate. As shown in FIG. 1C, in one or more
embodiments, the second dielectric layer 240 may go com-
pletely all the way around substantially the entire vertical
dimension (e.g. height dimension) of the floating gate.

In one or more embodiments, the second dielectric layer
240 may substantially laterally surround the entire vertical
dimension of the floating gate 230. In one or more embodi-
ments, the second dielectric layer 240 may substantially lat-
erally surround substantially the entire vertical dimension of
the floating gate 230.

Referring to the embodiment shown in FIGS. 2A-D, it is
seen that, in one or more embodiments, the second dielectric
layer 240 may be formed over all of the top surface 232 of the
floating gate 230 as well as over only a portion (such as an
upper portion) of each of the sidewall surfaces 234, 236. An
example of an upper portion is an upper portion P1 shown in
FIGS. 2A,2B.

Hence, in one or more embodiments, it is possible that the
second dielectric layer may be formed over at least a portion
of each of the sidewall surfaces (such as sidewall surfaces
234, 236) of the floating gate. The portion may be an upper
portion or any other portion of each of the sidewall surfaces.
In one or more embodiments, it is possible that the second
dielectric layer may be formed over at least a portion (an
upper portion or any other portion) of at least one of or each
of the sidewall surfaces 234 without be formed over the
sidewall surfaces 236.

In one or more embodiments, the second dielectric layer
240 may be formed over substantially all of the top surface
232 of the floating gate 230. In one or more embodiments, the
second dielectric layer 240 may be formed over at least a
portion of the top surface 232 of the floating gate 230.

As noted above, FIG. 2C represents a cross section of the
device 120 from FIGS. 2A,2B through the cross section A-A
(FIG. 2C is simplified so as not to show layer 260 or layer
270). FIG. 2C shows that, in one or more embodiments, the
second dielectric layer 240 may laterally surround a portion
of'the vertical dimension (e.g. height dimension) of the float-
ing gate. As shown in FIG. 2C, in one or more embodiments,
the second dielectric layer 240 may go completely all the way
around a portion of the vertical dimension of the floating gate.
The portion may be an upper portion (such as upper portion
P1 shown in FIGS. 2A, 2B). In one or more embodiments, the
second dielectric layer may substantially laterally surround a
portion (such as an upper portion) of the floating gate.

Hence, in one or more embodiments, the second dielectric
layer may overlie or cover at least a portion of the top surface
and atleast a portion of at least one of (or each of) the sidewall
surfaces of the floating gate. In one or more embodiments, the
second dielectric layer may overlie or cover substantially all
of'the top surface of the floating gate. In one or more embodi-
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ments, the second dielectric layer may overlie or cover all of
the top surface of the floating gate. In one or more embodi-
ments, the second dielectric layer may overlie or cover sub-
stantially all of at least one of (or each of) the sidewall sur-
faces of the floating gate. In one or more embodiments, the
second dielectric layer may overlie or cover all of at least one
of (or each of) the sidewall surfaces of the floating gate.

In one or more embodiments, the second dielectric layer
240 may be formed by a deposition process. The deposition
process may be a substantially conformal deposition. In one
or more embodiments, the second dielectric layer 240 may be
formed by a growth process. In one or more embodiments, the
second dielectric layer 240 may comprise an oxide (such as
silicon dioxide Si0,), a nitride (such as Si;N, or Si,N ) an
oxynitride (such as silicon oxynitride, S—O—N or SiO,N, ),
or combinations thereof. In one or more embodiments, the
second dielectric layer may be a single layer of material. In
one or more embodiments, the second dielectric layer 240
may comprise a stack of two or more layers (or a stack of three
or more layers) such as an oxide/nitride stack (such as a
Si0,/S1;N, or a SiO,/Si, N, stack). In one embodiment, a
nitride layer may be over an oxide layer. In another embodi-
ment, an oxide layer may be over nitride layer. In one or more
embodiments, the second dielectric layer 240 may comprise
an oxide/nitride/oxide stack (for example, an ONO stack) or
combinations thereof.

In one or more embodiments, the second dielectric layer
240 may comprise a high-k dielectric material. The high-k
material may have a dielectric constant greater than about 3.9.
The high-k material may have a dielectric constant greater
than silicon dioxide. The high-k material may comprise a
hafnium-based material. The high-k material may comprise
one or more of the elements Hf, Al, Si, Zr, O, N, Ta, La, T1, Y,
Pr, Gd and combinations thereof. The high-k material may
comprise HfSiON, HfSiO, HfO,, HfSiO,, HfAIO,, HfA-
10N, HfSiAIO,, HfSiAIO N, Al,O;, ZrO,, ZrSiO,, Ta,0s,
SrTiO;, La,05, Y,0;, Gd,0;, Pr,0,, TiO,, ZrAlO,, ZrAl-
O,N,, SiAlO,, SiAlO,N,, ZrSiAlO,, ZrSiAlO,N,, or combi-
nations thereof. The high-k material may comprise Al,Oj;.
Alternatively, the second dielectric layer 240 may comprise
any other dielectric material or high-k dielectric material.

In one or more embodiments, the second dielectric layer
240 may have a thickness of about 20 nm (nanometers) or
less. In one or more embodiments, the thickness may be about
15 nm or less. In one or more embodiments, the second
dielectric layer 240 may have a thickness of about 12 nm or
less. In one or more embodiments, the second dielectric layer
240 may have a thickness of about 10 nm or less. In one or
more embodiments, the second dielectric layer may have a
thickness of about 8 nm or less. In one or more embodiments,
the thickness may be about 4 nm or greater. In one or more
embodiments, the thickness may be about 6 nm or greater. In
one or more embodiments, the thickness may be about 8 nm
or greater. In one or more embodiments, the thickness of the
second dielectric layer 240 may be about 10 nm. It is noted
that the thickness of the second dielectric layer 240 is not
limited to any particular thickness.

In one or more embodiments, the second dielectric layer
240 may serve as an inter-gate dielectric layer between the
floating gate 230 and the control gate 250 of a floating gate
memory device. In one or more embodiments, the floating
gate and the control gate may both be formed of a polysilicon
material (for example, each may comprise or consist essen-
tially of doped polysilicon). In this case, the second dielectric
layer 240 may serve as an inter-poly dielectric layer.

As shown in FIGS. 1A and 2A, the semiconductor devices
110 and 120 may each include source/drain extension regions
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310. In one or more embodiments, it is possible that the
extension regions 310 may be formed before the formation of
second dielectric layer 240. For example, it is possible that the
extensions 310 be formed after the formation of the floating
gate 230 and before the formation of the second dielectric
layer 240.

In one or more embodiments, the source/drain extension
regions 310 may be formed after the formation of the second
dielectric layer 240. For example, the extension regions 310
may be formed after the formation of the second dielectric
layer 240 but before the formation of the control gate 250.

In one or more embodiments, it is possible that the source/
drain extensions 310 be formed after the formation of the
control gate 250 but before the formation of layer 260. In one
or more embodiments, it is possible that the source/drain
extensions be formed after the formation of layer 260.

The source/drain extension regions 310 may be formed by
an ion implantation process. The source/drain extension
regions 310 may, for example, be lightly doped drain (LDD)
regions. In one or more embodiments, the source/drain exten-
sion regions 310 may, for example, be medium doped drain
(MDD) regions. In one or more embodiments, the extension
regions 310 may be n-type. In one or more embodiments, the
extension regions 310 may be p-type. A channel region may
exist in the substrate between the two source/drain extension
regions 310.

A control gate 250 may be disposed over the second dielec-
tric layer 240. Referring to the embodiments shown in FIGS.
1A-D and FIGS. 2A-D, it is seen that the second dielectric
layer 240 includes a top surface 242 as well as sidewall
surfaces 244 and 246. The control gate 250 may be formed
over all of the top surface 242 of the second dielectric layer
240 as well as over all each of the sidewall surfaces 244 and
246 of the second dielectric layer 240.

In one or more embodiments, the control gate 250 may be
formed over substantially all of the top surface 242 of the
second dielectric layer 240. In one or more embodiments, the
control gate 250 may be formed over at least a portion of the
top surface 242 of the second dielectric layer 240. In one or
more embodiments, control gate may be formed over sub-
stantially all of each of the sidewall surfaces 244 and 246 of
the second dielectric layer 240. In one or more embodiments,
control gate may be formed over at least a portion of each of
the sidewall surfaces 244 and 246 of the second dielectric
layer 240. In one or more embodiments, the control gate 250
may be formed in direct contact with the second dielectric
layer 240.

Referring to FIG. 1C or FIG. 2C, it is seen that the control
gate 250 may laterally surround that portion of the second
dielectric layer 240 that is over the sidewalls of the floating
gate 230. Referring to FIG. 1C, in one or more embodiments,
the control gate 250 may completely go all the way around
that portion of the second dielectric layer is over the sidewall
surfaces of the floating gate 230.

In one or more embodiments, the control gate may sub-
stantially laterally surround that portion of the second dielec-
tric layer that is over the sidewall surfaces of the floating gate
230.

In one or more embodiments, it is possible that the control
gate 250 be formed over at least one of the sidewall surfaces
of the second dielectric layer 240. In one or more embodi-
ments, it is possible that the control gate 250 be formed over
at least a portion of each of the sidewall surfaces (such as
sidewall surfaces 244, 246) of the second dielectric layer 240.
The portion may be an upper portion or any other portion of
each of the sidewall surfaces. In one or more embodiments, it
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is possible that the control gate 250 be formed over at least a
portion of the sidewall surfaces 244 without be formed over
the sidewall surfaces 246.

In one or more embodiments, it is possible that the control
gate 250 may be formed over only a portion of the sidewall
surfaces of the second dielectric layer. In one or more
embodiments, the control gate may not be formed over the
entire second dielectric layer. In one or more embodiments,
the control gate 250 may not laterally surround the second
dielectric layer.

In one or more embodiments, the control gate 250 may
serve as a control gate for a floating gate memory device.

In one or more embodiments, the control gate 250 may be
formed of any conductive material. Hence, in one or more
embodiments, the control gate 250 may comprise any con-
ductive material.

In one or more embodiments, the control gate 250 may
comprise, for example, a polysilicon material. In one or more
embodiments, the polysilicon material may be a doped poly-
silicon. The polysilicon may be doped with an n-type dopant
(such as phosphorus) or a p-type dopant (such as boron). The
doping may be accomplished using an ion implantation pro-
cess or be done in-situ. In one or more embodiments, the
polysilicon may be heavily doped. In one or more embodi-
ments, the polysilicon material used for the control gate may
be the same as that used for the floating gate. In one or more
embodiments, the polysilicon material used for the control
gate may be different from the polysilicon material used for
the floating gate.

In one or more embodiments, doping of the control gate
250 may be at least partially accomplished during the forma-
tion of the source/drain extensions and/or the source/drain
regions.

In one or more embodiments, the control gate 250 may
comprise a metallic material such as a pure metal or a metal
alloy. In one or more embodiments, the control gate may be
any other material suitable as a control gate for a charge
storage memory device such as a floating gate memory
device. In one or more embodiments, the control gate 250
may comprise a metal silicide or a metal nitride.

In one or more embodiments, the control gate layer 270
may comprise one or more of Ti, Ta, TiN, TiC, HIN, TaN,
TaC, TaN, W, Al, Ru, RuTa, TaSiN, NiSix, CoSix, TiSix, Ir, Y,
Pt, I, PtTi, Pd, Re, Rh, borides, phosphides, or antimonides of
Ti, Hf, Zr, TIAIN, Mo, MoN, ZrSiN, ZrN, HfN, HfSiN, WN,
Ni, Pr, VN, TiW, other metals, and/or combinations thereof.

In one or more embodiments, the control gate 250 may
comprise a single layer. In one or more embodiments, the
control gate 250 may comprise a plurality of stacked layers.
In one or more embodiments, the control gate 250 may com-
prise a metallic layer (such as a pure metal or metal alloy) over
a doped polysilicon layer. In one or more embodiments, the
control gate 250 may comprise a metal silicide layer. In one or
more embodiment, the control gate 250 may comprise a metal
nitride layer over a doped polysilicon layer.

The control gate 250 may comprise a mixture (such as a
heterogeneous mixture) of two or more different materials.

In one or more embodiments, the thickness of the control
gate 250 may be about 30 nanometers or less. In one or more
embodiments, the thickness of the control gate 250 may be
about 20 nm or less. In one or more embodiments, the thick-
ness of the control gate 250 may be about 15 nm or less. Inone
or more embodiments, the thickness of the control gate 250
may be about 10 nm or less. In one or more embodiments, the
thickness of the control gate 250 may be about 5 nm or less.
In one or more embodiments, the thickness of the control gate
250 may be about 3 nm or more. In one or more embodiments,

10

15

20

25

30

35

40

45

50

55

60

65

12

the thickness of the control gate 250 may be about 5 nm or
more. In one or more embodiments, the control gate 250 may
have a thickness of about 10 nm. Other thicknesses are also
possible and the thickness of the control gate 250 is not
limited to any particular thickness.

The control gate 250 may be deposited in many different
ways. Examples include chemical vapor deposition, physical
vapor deposition and atomic layer deposition. In one or more
embodiments, the control gate may be formed by a conformal
deposition of the control gate material. The deposition may be
followed by an etch to remove the control gate material from
undesired locations. In one or more embodiments, the etch
may be include a dry etch.

Referring to the embodiments shown in FIGS. 1A,1B and
2A,2B, after the formation of the control gate 250, the layers
260, 270 may be formed over the sidewalls of the control gate
250. In one or more embodiments, the layers 260, 270 may be
formed of dielectric materials. Examples of dielectric mate-
rials include, but not limited to, oxides, nitrides, oxynitrides
and mixtures thereof. In one or more embodiments, the layer
260 may comprise a first dielectric material while the layer
270 may comprise a second dielectric material different from
the first dielectric material. In one example, the layer 260 may
comprise an oxide while layer 20 may comprise a nitride. In
another example, the layer 260 may comprise a nitride while
the layer 270 may comprise an oxide.

The layer 260 and/or the layer 270 may be formed as
sidewall spacers. In one or more embodiments, the layer 260
may be formed as a liner while the layer 270 may be formed
as a spacer. In one or more embodiments, the layers 260, 270
may be formed as a dual layered spacer.

The memory device 110 shown in FIGS. 1A,1B as well as
the memory device 120 shown in FIGS. 2A,2B may include
source/drain regions 320. In one or more embodiments, the
source/drain regions 320 may be formed after the formation
of the layer 270. Hence, the layer 270 and/or the layer 260
may be used to position the source/drain regions. For
example, after the formation of the layers 260, 270, another
ion implantation step may be performed to form the source/
drain regions 320.

In one or more embodiments, the source/drain regions 320
may be of the same conductivity type as the source/drain
extensions 310. In one or more embodiments, the source/
drain regions 320 may be more heavily doped than the source/
drain extensions 310. In one or more embodiments, the
source/drain regions 320 may be formed as heavily doped
drain (HDD) regions. In one or more embodiments, the depth
of'the source/drain regions 320 may be greater than the depth
of the extension regions 310.

In one or more embodiments, the ion implantation step
used to form the source/drain extensions 310 may also serve
to dope the control gate 250 with either n-type or p-type
dopants. Likewise, in one or more embodiments, the ion
implantation step used to form the source/drain regions 320
may beused to dope the control gate 250 with n-type or p-type
dopants.

Referring to the embodiments shown in FIGS. 1A, 1B as
well as in FIGS. 2A, 2B, an electrode 280 may be formed over
the control gate 280. The electrode 280 may comprise any
conductive material. In one or more embodiments, the elec-
trode 280 may comprise a metallic material.

In one or more embodiments, the device 110 shown in
FIGS. 1A,1B as well as the device 120 shown in FIGS. 2A,2B
may each be useful as a memory device such as a floating gate
memory device. In one or more embodiments, the control
gate 250 and/or the floating gate 230 may, for example, be
formed of a doped polysilicon or some other conductive
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material. In one or more embodiments, the doped polysilicon
may be n-doped. In one or more embodiments, the doped
polysilicon may be p-doped. In one or more embodiments,
the doped polysilicon may be heavily doped. The first dielec-
tric layer 220 may, for example, be formed of an oxide, such
as silicon dioxide (which may be formed by a growth pro-
cess). The second dielectric layer 240 may, for example, be
formed of an oxide material or of a high-k material. In another
embodiment, the second dielectric layer 240 may, for
example, be formed of an oxide-nitride-oxide stack. Of
course, the materials mentioned are only examples and other
materials may be substituted for the materials described. In
one or more embodiments, the control gate and the floating
gate may each be formed of the same materials. In one or
more embodiments, the control gate and the floating gate may
each be formed of the different materials.

In one or more embodiments, a floating gate device may
possibly be programmed by Fowler-Nordheim tunneling or
by hot-carrier injection. In one or more embodiments, erasure
may possibly be accomplished by UV emission or by Fowler-
Nordheim tunneling. In one or more embodiments, it is pos-
sible that electrical charge may be stored on the floating gate
so as to adjust the threshold voltage VT of the device. Of
course, these are only examples of possible ways to operate a
floating gate device and other ways may also be possible.

Referring to the embodiments shown in FIGS. 1A-D and
FIGS. 2A-D the control gate 250 may be disposed over (e.g.
overlies) at least a portion of the floating gate 230.

Referring to the embodiment shown in FIGS. 1A-D in one
or more embodiments, the control gate 250 may be disposed
over all of the top surface 232 of the floating gate as well as
over all of each of the sidewall surfaces 234 and 236 of the
floating gate 230.

In one or more embodiments, the control gate 250 may be
disposed over substantially all of the top surface 232 of the
floating gate. In one or more embodiments, the control gate
250 may be disposed of at least a portion of the top surface
232 of the floating gate. In one or more embodiments, the
control gate 250 may be disposed over substantially all of
each of the sidewall surfaces 234 and 236 of the floating gate
250.

FIG. 1C shows that, in or more embodiments, the control
gate 250 may laterally surround the entire vertical dimension
(e.g. height dimension) of the floating gate 230. In the
embodiment shown, the control gate 250 may go completely
all the way around the entire vertical dimension (e.g. height
dimension) of the floating gate.

In one or more embodiments, the control gate 250 may
laterally surround substantially the entire vertical dimension
of'the floating gate 230 (for example, the control gate 250 may
go completely all the way around substantially the entire
vertical dimension of the floating gate). In one or more
embodiments, the control gate 250 may substantially laterally
surround substantially the entire vertical dimension of the
floating gate.

Referring to the embodiment shown in FIG. 2A-D, it is
seen that the control gate 250 may be disposed over all of the
top surface 232 of the floating gate 230 as well as only an
upper portion (for example, an upper portion P2) of each of
the sidewall surface 234, 236 of the floating gate 230.

In one or more embodiments, the control gate 250 may be
disposed over substantially all of the top surface 232 of the
floating gate. In one or more embodiments, the control gate
250 may be disposed of at least a portion of the top surface
232 of the floating gate.

In one or more embodiments, it is possible that the control
gate be disposed over at least a portion of one or more of the
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sidewall surfaces (such as sidewall surfaces 234, 236) of the
floating gate. In one or more embodiments, it is possible that
the control gate be disposed over at least a portion of each of
the sidewall surfaces (such as sidewall surfaces 234, 236) of
the floating gate. The portion may be an upper portion or any
other portion of each of the sidewall surfaces. In one or more
embodiments, it is possible that the control gate may be
disposed over at least a portion (for example, an upper portion
or any other portion) of at least one of or each of the sidewall
surfaces 234 without being disposed over the sidewall sur-
faces 236.

FIG. 2C shows that, in one or more embodiments, the
control gate 250 may laterally surround a portion of the ver-
tical dimension (e.g. height dimension) of the floating gate
230. The portion may be an upper portion (such as upper
portion P2 shown in FIGS. 2A,2B). In the embodiment shown
in FIG. 2C, the control gate 250 may go completely all the
way around a portion (such as an upper portion P2) of the
floating gate.

In one or more embodiments, the control gate 250 may
substantially laterally surround a portion of the vertical
dimension of the floating gate 230. The portion may be an
upper portion.

Hence, in one or more embodiments the control gate 250
may laterally surround at least a portion of the vertical dimen-
sion (e.g. height dimension) of the floating gate 230. In one or
more embodiments, the control gate may go completely all
the way around at least a portion of the vertical dimension of
the floating gate. In one or more embodiments, the control
gate 250 may substantially laterally surround at least a por-
tion of the vertical dimension (e.g. height dimension) of the
floating gate. In one or more embodiments of the invention, it
is possible that the control gate 250 does not go all the way
around the control gate 230.

In one or more embodiments, a second dielectric layer may
exist between the control gate and the floating gate.

In one or more embodiments, the control gate may overlie
orcover at least a portion of the top surface of the floating gate
and at least a portion (such as an upper portion) of at least one
of (or each of) the sidewall surfaces of the floating gate. In one
or more embodiments, the control gate may overlie or cover
substantially all of the top surface of the floating gate. In one
or more embodiments, the control gate may overlie or cover
all of the top surface of the floating gate. In one or more
embodiments, the control gate may overlie or cover substan-
tially all of each of the sidewall surfaces of the control gate. In
one or more embodiments, the control gate may overlie or
cover all of each of the sidewall surfaces of the control gate.

In one or more embodiments, the control gate may overlie
or cover substantially all of the floating gate. In one or more
embodiments, the control gate may overlie or cover all of the
floating gate.

FIGS. 1A and 2A show conductive contact plugs 410 dis-
posed over the source/drain regions 320. FIG. 1C shows a
cross section of the contact plugs 410 from FIG. 1A inan X-Y
plane. Likewise, FIG. 2C shows a cross section of the contact
plugs 410 from FIG. 2A in an X-Y plane. Each of the contact
plugs 410 faces one of the two opposite sidewall surfaces 234
of' the floating gate 230.

The contact plugs may comprise any conductive material.
In one or more embodiments, the contact plugs may comprise
a metallic material. For example, the contacts plugs may
comprise a pure metal and/or a metal alloy. Examples include
pure tungsten, tungsten alloy, pure aluminum, aluminum
alloy, pure copper, copper alloy or combinations thereof.

In one or more embodiments, the contact plugs 410 may be
used to electrically couple the source/drain regions 320 to
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conductive lines situated in a first metallization level of the
same semiconductor chip that includes the floating gate
device. The ongoing scaling of non-volatile memory devices
based on the floating gate concept may increase the parasitic
capacitance between the floating gate 230 and the neighbor-
ing contact plugs 410.

The embodiments shown in FIGS. 1A-D and FIGS. 2A-D
show that the control gate 250 may help to at least partially
shield the floating gate 230 from the conductive contact plugs
410. In particular, that portion of the control gate 250 which
overlies or covers at least a portion of the sidewall surfaces
234 may help to at least partially shield the floating gate 230
from the conductive contact plugs 410. In one or more
embodiments, that portion of the control gate 250 which
overlies or covers at least a portion of the sidewall surfaces
234 may be situated between the conductive contact plugs
410 and the floating gate, and provide shielding of the floating
gate from the conductive plugs. The shielding may help to
reduce the parasitic coupling between the floating gate 230
and the contact plugs 410.

Hence, in one or more embodiments, the control gate 250
may be disposed over at least a portion of one or both the of
the sidewall surfaces 234 (which may be facing the conduc-
tive plugs 410) without also be disposed over the sidewall
surfaces 236. In another embodiment, the control gate 250
may also be disposed over at least a portion of one or both of
the sidewall surfaces 236.

The surface area of the control gate relative to that of the
footprint (e.g. projection onto the substrate) of the floating
gate may be increased by changing the aspect ratio of the
floating gate. In one or more embodiments, it is possible that
this may be used to adjust programming and erase voltages.

Referring to FIGS. 1A-D and FIGS. 2A-D, in one or more
embodiments, the floating gate 230 may include a surface
portion which may be adjacent to or in direct contact with the
first dielectric layer 220. This surface portion may include, for
example, the bottom surface of the floating gate 230. The
surface area of this surface portion of the floating gate may be
referred to as SA1.

In one or more embodiments, the floating gate 230 may
include a surface portion which may be adjacent to or in direct
contact with the second dielectric layer 240. This surface
portion may include, for example, the top surface 232 of the
floating gate 230 as well as at least a portion of one or more of
(or each of) the sidewall surfaces 234, 236 of the floating gate
230. The surface area of this surface portion of the floating
gate may be referred to as SA2. The ratio SA2/SA1 is referred
to herein as the area factor AF.

In one or more embodiments, the first dielectric layer, the
second dielectric layer and the floating gate may be arranged
to provide an area factor AF (the ratio SA2/SA1). Some
examples of possible area factors AF are as follows: In some
embodiments, AF>1; in some embodiments, AFzabout 2; in
some embodiments, AF=zabout 5; in some embodiments,
AF=zabout 7; in some embodiments, AFzabout 9; in some
embodiments, AFzabout 10; in some embodiments,
AF=zabout 13; in some embodiments, AFzabout 15; in some
embodiments, AFzabout 17, in some embodiments,
AF=zabout 20, in some embodiments, AFzabout 21; in some
embodiments, AFzabout 25; in some embodiments,
AF=zabout 29. Other examples are possible and the present
invention is not limited to the examples provided.

In one or more embodiments, the floating gate may have a
footprint FP (e.g. a projection onto the substrate). Some
examples of possible footprints are as follows: In some
embodiments, FP=about 10000 square nanometers; in some
embodiments, FP<about 7500 square nanometers; in some
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embodiments, FP=<about 4900 square nanometers;
embodiments, FP=<about 3000 square nanometers;
embodiments, FP=<about 2500 square nanometers; in some
embodiments, FP<about 2000 square nanometers; in some
embodiments, FP=about 16000 square nanometers; in some
embodiments, FP<about 1500 square nanometers; in some
embodiments, FP=about 900 square nanometers. Other
examples are also possible and the present invention is not
limited to the examples provided.

There are many possible combinations of area factors AF
(the ratio SA2/SA1) and floating gate footprints FP which
may possibly be achieved for a floating gate device of the
present invention. Some examples are as follows: In some
embodiments, AF=about 5 and FP=about 10000 square
nanometers; in some embodiments, AF=about 5 and
FP=about 7500 square nanometers; in some embodiments,
AF=zabout 5 and FP=about 4900 square nanometers; in some
embodiments, AFzabout 5 and FP=about 3000 square
nanometers; in some embodiments, AFzabout 5 and
FP=about 2500 square nanometers, in some embodiments,
AF=zabout 5 and FP=about 2000 square nanometers; in some
embodiments, AFzabout 5 and FP=about 1600 square
nanometers; in some embodiments, AFzabout 9 and
FP=about 900 square nanometers.

Additional examples of possible combinations of area fac-
tors AF and floating gate footprints FP are the following: In
some embodiments, AF=zabout 9 and FP<about 10000 square
nanometers; in some embodiments, AFzabout 9 and
FP=about 7500 square nanometers; in some embodiments,
AF=zabout 9 and FP=about 4900 square nanometers; in some
embodiments, AFzabout 9 and FP=about 3000 square
nanometers; in some embodiments, AFzabout 9 and
FP=about 2500 square nanometers, in some embodiments,
AF=zabout 9 and FP=about 2000 square nanometers; in some
embodiments, AFzabout 9 and FP=about 1600 square
nanometers; in some embodiments, AFzabout 9 and
FP=about 900 square nanometers.

Additional examples of possible combinations of area fac-
tors AF and floating gate footprints FP of the device of the
present invention are as follows: In some embodiments,
AF=zabout 13 and FP=about 10000 square nanometers; in
some embodiments, AF=zabout 13 and FP=about 7500 square
nanometers; in some embodiments, AFzabout 13 and
FP=about 4900 square nanometers; in some embodiments,
AF=zabout 13 and FP=about 3000 square nanometers, in some
embodiments, AFzabout 13 and FP=about 2500 square
nanometers; in some embodiments, AFzabout 13 and
FP=about 2000 square nanometers; in some embodiments,
AF=zabout 13 and FP=about 1600 square nanometers; in some
embodiments, AFzabout 13 and FP=about 900 square
nanometers.

Additional examples of possible combinations of area fac-
tors AF and floating gate footprints FP of the device of the
present invention are as follows: In some embodiments,
AF=zabout 17 and FP=about 10000 square nanometers; in
some embodiments, AF=zabout 17 and FP=about 7500 square
nanometers; in some embodiments, AFzabout 17 and
FP=about 4900 square nanometers; in some embodiments,
AF=zabout 17 and FP=about 3000 square nanometers, in some
embodiments, AFzabout 17 and FP=about 2500 square
nanometers; in some embodiments, AFzabout 17 and
FP=about 2000 square nanometers; in some embodiments,
AF=zabout 17 and FP=about 1600 square nanometers; in some
embodiments, AFzabout 17 and FP=about 900 square
nanometers.

Additional examples of possible combinations of area fac-
tors AF and floating gate footprints FP of the device of the
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present invention are as follows: In some embodiments,
AF=zabout 21 and FP=about 10000 square nanometers; in
some embodiments, AF=zabout 21 and FP=about 7500 square
nanometers; in some embodiments, AFzabout 21 and
FP=about 4900 square nanometers; in some embodiments,
AF=zabout 21 and FP=about 3000 square nanometers; in some
embodiments, AFzabout 21 and FP=about 2500 square
nanometers; in some embodiments, AFzabout 21 and
FP=about 2000 square nanometers; in some embodiments,
AF=zabout 21 and FP=about 1600 square nanometers; in some
embodiments, AFzabout 21 and FP=about 900 square
nanometers.

Of course, it is understood that other combinations are
possible and that the present invention is not limited to the
examples provided above.

In one or more embodiments, the floating gate memory
device of the present invention (such as the embodiments
shown in FIGS. 1A-D or in FIGS. 2A-D) may be stand-alone
memory devices or embedded memory devices. As embed-
ded memory device, they may be used as an embedded
memory device in combination with at least one logic device
onthe same semiconductor chip or the same substrate. Hence,
the same chip (or same substrate) may include a memory
portion (with one or more memory devices) and a logic por-
tion (with one or more logic devices).

In one or more embodiments, the floating gate memory
device may be part of a semiconductor chip. In one or more
embodiments, the floating gate memory device may be part of
an integrated circuit. In one or more embodiments, the float-
ing gate memory device may be part of a memory array.

Referring again to FIGS. 1A,1B or to FIGS. 2A,2B, it is
noted that in one or more embodiments, the substrate 210 may
comprise one or more wells.

One or more embodiments of the invention may be a float-
ing gate memory device, comprising: a substrate; a floating
gate disposed over the substrate; and a control gate substan-
tially laterally surrounding at least a portion of the floating
gate.

One or more embodiments of the invention may be a float-
ing gate memory device, comprising: a substrate; a floating
gate disposed over the substrate, the floating gate having a top
surface and one or more sidewall surfaces; and a control gate
disposed over at least a portion of the top surface and at least
a portion of each of the sidewall surfaces.

In one or more embodiments, the floating gate may include
one or more sidewall surfaces. The one or more sidewall
surfaces of the floating gate may include two opposite side-
wall surface oriented in a first direction and two opposite
sidewall surfaces oriented in a second direction different from
the first direction. In one or more embodiments, the first
direction may be substantially perpendicular to the second
direction.

One or more embodiments of the invention may be a float-
ing gate memory device, comprising: a substrate; a fin float-
ing gate disposed over the substrate; and a control gate dis-
posed over at least a portion of the floating gate.

One or more embodiments of the invention may be a float-
ing gate memory device, comprising: a substrate; a floating
gate disposed over the substrate; and a control gate covering
substantially all of the floating gate.

One or more embodiments of the invention may be may be
a floating gate memory device, comprising: a first source/
drain region; a second source/drain region laterally spaced
apart from the first source/drain region; a channel region
coupled between the first and second source/drain regions; a
first conductive contact plug disposed over the source region
and a second conductive contact plug disposed over the drain
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region; a floating gate disposed over the channel region, the
floating gate having at least a first sidewall surface; and a
control gate, at least a portion of the control gate disposed
over at least a portion of the first sidewall surface, the control
gate portion disposed between the floating gate and the first
conductive plug.

One or more embodiments of the invention may be a float-
ing gate memory device, comprising: a substrate; a first
dielectric layer disposed over the substrate; a floating gate
disposed over the first dielectric layer; a second dielectric
layer disposed over floating gate; a control gate disposed over
the second dielectric layer, wherein the floating gate has a first
surface portion adjacent the first dielectric layer and a second
surface portion adjacent the second dielectric layer, the ratio
of'the surface area of the second surface portion to the surface
area of the first surface portion being greater than or equal to
about 5, wherein the floating gate has a footprint less or equal
to about 10000 square nanometers. In one or more embodi-
ments, the ratio may be ratio is greater than or equal to about
9.1n one or more embodiments, the footprint may be less than
or equal to about 2500 square nanometers.

One or more embodiments of the invention may be a
method for making a floating gate memory device, compris-
ing: forming a floating gate over a substrate; and forming a
control gate over the floating gate, the floating gate substan-
tially laterally surrounding at least a portion of the floating
gate. In one or more embodiments, the portion may be an
upper portion. In one or more embodiments, the floating gate
may substantially laterally surround substantially the entire
floating gate.

Although the invention has been described in terms of
certain embodiments, it will be obvious to those skilled in the
art that many alterations and modifications may be made
without departing from the invention. Accordingly, it is
intended that al such alterations and modifications be
included within the spirit and scope of the invention.

What is claimed is:

1. A floating gate memory device, comprising:

a semiconductor substrate;

source/drain regions disposed in the semiconductor sub-
strate;

a floating gate disposed over the semiconductor substrate,
said floating gate disposed over said semiconductor sub-
strate, said floating gate having a floating gate height, a
floating gate length, and a floating gate width, said float-
ing gate length being in the direction of a channel length,
said floating gate width being in a direction perpendicu-
lar to the channel length, said floating gate comprising
four sidewalls that form major outer surfaces of the
floating gate, wherein the four sidewalls comprise a first
sidewall, a second sidewall facing the first sidewall, a
third sidewall perpendicular to the first and the second
sidewalls, and a fourth sidewall facing the third sidewall
and perpendicular to the first and the second sidewalls;

a first dielectric layer between said semiconductor sub-
strate and said floating gate;

a second dielectric layer conformally disposed over and
around the floating gate so as to form outer sidewalls
conforming to the first, the second, third, and the fourth
sidewalls of the floating gate, the second dielectric layer
substantially wrapping conformally around all the four
sidewalls and covering a top surface of the floating gate
and overlapping with portions of the source/drain
regions; and

a control gate conformally disposed over and around said
floating gate and the second dielectric layer, the foot-
print of said control gate extending outside the footprint



US 9,059,302 B2

19

of said floating gate so as to overlap with the portion of
the second dielectric layer disposed over the portions of
the source/drain regions, wherein the control gate sub-
stantially conformally wraps around sidewalls of the
second dielectric layer and covers a top surface of the
second dielectric layer, wherein the floating gate, the
second dielectric layer, and the control gate are disposed
symmetrically between the source/drain regions,
wherein the control gate is capacitively coupled to the
source/drain regions through the second dielectric layer;
and

asidewall spacer disposed over and contacting sidewalls of
the control gate and the second dielectric layer.

2. The memory device of claim 1, wherein said control gate
substantially laterally surrounds substantially all of said float-
ing gate.

3. The device of claim 1, wherein said floating gate and/or
said control gate comprises doped polysilicon.

4. The floating gate memory device of claim 1, wherein the
floating gate height is greater than 2 times the floating gate
length.

5. The floating gate memory device of claim 1, wherein the
floating gate height is greater than 5 times the floating gate
length.

6. The floating gate memory device of claim 1, wherein
said floating gate memory device comprises a channel region
disposed in the semiconductor substrate, wherein the channel
region is disposed at a major surface of the semiconductor
substrate.

7. The memory device of claim 1, wherein said floating
gate height being greater than said floating gate length.

8. The memory device of claim 1, further comprising a
dielectric block disposed between the portion of the second
dielectric layer and the portion of the source/drain regions,
wherein the sidewall spacer is disposed on sidewalls of the
dielectric block.

9. The memory device of claim 1, further comprising an
electrode disposed over the control gate, wherein the sidewall
spacer contacts sidewalls of the electrode.

10. A floating gate memory device, comprising:

source/drain regions disposed in a semiconductor sub-
strate;

a first dielectric layer disposed at a major surface of the
semiconductor substrate;

a floating gate disposed over the first dielectric layer, the
floating gate comprising four sidewalls that form major
outer surfaces of the floating gate, wherein the four
sidewalls comprise a first sidewall, a second sidewall
facing the first sidewall, a third sidewall perpendicular to
the first and the second sidewalls, and a fourth sidewall
facing the third sidewall and perpendicular to the first
and the second sidewalls;

asecond dielectric layer disposed over the floating gate, the
second dielectric layer substantially conformally wrap-
ping around the four sidewalls and covering atop surface
of'the floating gate and overlapping with a portion of the
source/drain regions so as to form outer sidewalls con-
forming to the first, the second, third, and the fourth
sidewalls of the floating gate, wherein the second dielec-
tric layer contacts the source/drain regions; and

acontrol gate disposed over said floating gate, the footprint
of said floating gate extending outside the footprint of
said floating gate so as to overlap with the portion of the
second dielectric layer disposed over the portion of the
source/drain regions, wherein the floating gate, the sec-
ond dielectric layer, and the control gate are disposed
symmetrically between the source/drain regions,
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wherein the control gate substantially conformally
wraps around sidewalls of the second dielectric layer
and covers a top surface of the second dielectric layer.

11. The memory device of claim 10, further comprising:

a sidewall spacer disposed along and contacting sidewalls
of the control gate and the second dielectric layer.

12. The memory device of claim 11, further comprising an
electrode disposed over the control gate, wherein the sidewall
spacer contacts sidewalls of the electrode.

13. The memory device of claim 10, wherein the control
gate is capacitively coupled to the source/drain regions
through the second dielectric layer.

14. The memory device of claim 10, wherein the second
dielectric layer wraps around all four sidewalls of the floating
gate.

15. The memory device of claim 14, wherein the control
gate wraps around all four sidewalls of the second dielectric
layer.

16. A floating gate memory device, comprising:

source/drain regions disposed in a semiconductor sub-
strate;

a first dielectric layer disposed at a major surface of the
semiconductor substrate;

a floating gate disposed over the first dielectric layer, the
floating gate comprising four sidewalls that form major
outer surfaces of the floating gate, wherein the four
sidewalls comprise a first sidewall, a second sidewall
facing the first sidewall, a third sidewall perpendicular to
the first and the second sidewalls, and a fourth sidewall
facing the third sidewall and perpendicular to the first
and the second sidewalls;

a second dielectric layer disposed over the floating gate, the
second dielectric layer substantially wrapping confor-
mally around all the four sidewalls and covering a top
surface of the floating gate so as to form outer sidewalls
conforming to the first, the second, third, and the fourth
sidewalls of the floating gate; and

a control gate substantially wrapping conformally around
all four sidewalls of the second dielectric layer and cov-
ering a top surface of the second dielectric layer, wherein
the floating gate, the second dielectric layer, and the
control gate are disposed symmetrically between the
source/drain regions, and wherein the control gate over-
laps with the portion of the second dielectric layer dis-
posed over the portions of the source/drain regions.

17. The memory device of claim 16, wherein the control
gate is capacitively coupled to the source/drain regions
through the second dielectric layer.

18. The memory device of claim 16, wherein a portion of
the second dielectric layer overlaps with portions of the
source/drain regions.

19. The memory device of claim 16, further comprising:

a sidewall spacer disposed along and contacting sidewalls
of the control gate and the second dielectric layer.

20. The memory device of claim 19, further comprising an
electrode disposed over the control gate, wherein the sidewall
spacer contacts sidewalls of the electrode.

21. The memory device of claim 19, further comprising a
dielectric block disposed between the portion of the second
dielectric layer and the portion of the source/drain regions,
wherein the sidewall spacer is disposed on sidewalls of the
dielectric block.

22. The memory device of claim 21, wherein the dielectric
block surrounds the remaining portions of the sidewalls of the
floating gate not wrapped around by the second dielectric
layer.



